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aulomrlcd cm-orbil  rclldcY.vous  and sofl landing on a planclauy  surlacc  is prcscn[ed

for spacecraft cnlploying pulse-opcra(cd (o]l-off) propulsion sys[cnls.  The guida]lcc

problcm is solved usillg  a [cchniqr.rc  derived fronl  robust control  ll)c.ory,  leading [0

a ncw class of algorithms which modula(c lbc duril(ion arid frequency of Ihrus(cr

firings. These algori[]lnls  do no[ dcpct)d upon dyl]a]]lical  approxilna[ions, and allow

for analytical cll:~r;]c[cri~.a(iol~  of mnsicn(  errors, limit  cycle dca[itm(i region, and

the SC( of pmsiblc [crmimrl  colldi(iom in [be, dcsig,n process. II) addiiio]), (IIC desired

pcrformmcc is achicvahlc in [hc prcscncc of dynami cal mode] ing errors wi(h known

bOUIKIS; the cffcc(s of navigational crm-s  Cim bc lninimi~.cd  [o (11c cx(cn[  (ha( [hey

can bc boui]dcd, This [cclu)iquc is also show]) [o l)c useful for a[[i[udc control. A

rcalis[ic  application is illus[ra(cd  via colnpu[cr silnula(ioll  of a bypollw. [ical I))issiol]

scenario, in which a robo[ic  spamcrafl  equipped vilb  an i[)c.r(ial  guidwlcc.  sys[cln

performs a sofl Iandil)g  on Ihc plane.[ Mars,
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INTRODUCTION

]:u(urc  exploratory missions have been proposed involving autonomous rcndc~,vous and docking

bclwccn two orbi[ing  spacecraft a[ld au(omatic  landing on IIlc surface of a pli~l)~t, moon, or asteroid.

Many of Ihcsc nlissions  will require simrl[a[lcous  co[](rol of the trajcc[ory  and attitude of a space

vclliclc  using a self-contaimd guidance, navigation], and coll(rol  sys[cln. In previous missions, (hcsc

fu[lc[ions  have been Wrformcd  in rnos(  cases through groulld-hascd  conlrol  or by piloted vchiclcs.

There cxis[s  an cxtcnsivc.  literature addressing spxccraf(  guidance (cch]]iqucs  for au(oma!cd  orbital

tram sfcr, rcndcz.vous,  and soft landing. Much of (his know lc(lgc base deals wi (h Ihc dctcrmina(ion  of

trajectories and associated tlnwst  profiles which n~illimiz.c  pr opcllant  consu[np(  ion; papers describing

propulsive closed-loopguidance, (cchniqucs  have focused on guidance laws for fixed or variable

(brusl  propulsion systems which opra[ccoll[irluol]  sly. A rcprcscn(i~(ivc,  but not cxhaus(ivc, review

of previous work is given below.

Thc(hcorctica  laspcct so frcndczvous  arcdiscussc.d in [hccxtcnsivc survcypapcrby

cl al.’ Another survey paper, conccntratingon rcndwvms  and docking opcra[ions issues,

Jcmwski

is (hat of

1,conard and llcrgn~ann.2  Par(cn and Maycr,3 and

docking procedures dcvclopcd for t hc GetHi/1  i

bccarnc  Ihc basis for the procedures used ill

Young and Alcxandcr4  dcscribc the rendezvous and

a]d Apo//o piloted rnissio]ls,  rcspcctivcly,  which

Space Shut(lc  missions. 1 lxamplcs  of au(oma[cd

rendezvous guidance schcmcs  proposed for Illc SpacC Shut I Ir arc (I)c work of [)is~.cwski  S and Hanson

and l)caton.6  Some of the early work Icaciing to (I1c gui(iancc  algori(ll]lls  used for lunar orbit

inscl (ion, landing, ascent, and on-orhi( rcn(icy,vous  i n the Ape/lo  Inissiolls  was performed by Cherry. 7

‘I”hc Apollo lunar module gui(iancc  sys[clll  is dcscrilmi  by KIun~pp.8  Several guidance algorithms for

continuously opcralcd propulsion systems arc given by l\a[[in.9 The au[mnatcd guidance schcmcs

usc~i by (1)c Sunwyor  and Vikitlg  spacecraft

Ihc Sum’yor lunar lander is dcscribcd by

Wc.r-c sil]lilar;  tlIC lcrluinal  (icscc])l sys[cm (icvclopc.(i  for

Chcng,  h4crcdi(h, and Conra(i, ]o whi]c Ingoldby  11 has
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rtocumcntc(i  the g,uidancc techniques used for lhc Viking Mars Iandcrs ‘1’l)r.sc vchiclcs  employed

sophislicalcd  Ihro!llcablc  propulsion sys(cms  for powered dcsccnt  md Ia[dln:,.

‘1’hc design of ml-board guidance sysIcnls  is usually actwll~plislml  usi]lp, Iillcar’ approximations

of II]c spacecraft’s dynan~ics  to obtain an analytically  (r:iclal)lc  prot>lcll~. l:CM au[oncrmous  operation,

closed.loop guidance laws arc sought; [he op[imiza[irm  techniques Sur-vcycd by .Iczcwski  ef fr/.’

gcncrdly  yield open-loop (hrusl programs, which arc llighty susccp[iblc  10 dynamical mismocicling.

7’l]clJcrforlllarlccof  aconccp[ual  systcmis  of[cll  wmlyzcd usi[lg cxtc[lsi  icc(~rllpll(crs  irllllla(io[lto

valid:i[c (hcapproxin]alio  nscmploycd, a process which may bc rcpcatcxi  several [imcsas thcdcsign

evolves and changes. Given [l~cinllcrc[ltly  ]~ol~li]]car[  ~:l(urc of pulse-opc]u[cxi [hrus(crs,  lhccloscd-

loop dynamics of a sys(cm employing these dcviccs  will bc nol)lincar  C.VCI) in cases where the

spacccraf[ dynamics arCO[llCrWjSC lil)Car. ~hCllSCOf pU]SCd  (hrus(crs fo]” a[[iludccon[rol  and station

keeping prcscn(s  similar problcrns.  Control system  (icsigll  in (hcsc ciis~s  t]i~s been accomplished

pril]cipally  with phase-plane analysis (cchniqucs.  l~or example, a pulse-frequency modulation

(cchniquc  for attitudccon(rol  was dcvclopcd by l:arrcnkopf, Sabroff, and Whcclcr]2 using phasc-

planc methods and 1.yapunov stability theory. The au[opi  101 systems for (1 le. Apollo lunar nmdule,’3

the Viking  lander,” and lhc Space Shu[tlc14 have employed  plmc-plaIlc.  type controllers. I;or

guidance systcm design, the dynamical coup]ing  bc(wccn  com-dinatc axes and bc(wccn  rotational and

(ral]slaliol]al  l]~oliollca]l  rl)akcpl~ase-plar]c  al]alysis  ll[~wicl(iy  o[~d(iiffi~:lll(.

This paper prcscm a ncw class of guidance anti  c(mh-ol  li]ws fo[ MC wi[h pulse-opcra[cd

[hrustcrs.  These dcviccs, which arcrclativcly  simple and IOW-COSI, I)avc Ix}c[l  USC(I cxtcnsivcly for

a((i(udccon(ro]  ands(a(ionkccping,  but noI fora~][[~]l~atc~i  gui(ia]~cc  ill rudcz.vous andsof[  landing

missions. ‘Mc guidance problcm is solved wi[h an cx(cllsioli  of mbus( nrmlincar  con[ro] Ihcory,

rcsul(ing in algorithms thal dc(cminc  [hc duri~[ioli  aIld frcquc.ncy  of (Ims(cr firings from cstima(cs

of spacecraft posilion and vcloci(y.  'l'l]csc:]lg(>ritl~  ll~s~l(iliz~`.  :ic(Jll][}lc(c.  l]()lilil]car  (iyllalllic:~l  model



of Ihc spacccraf( ]nolimi,  and allow for analy[ica]  cllarac(crix.al  i[)r][)f Ilallsicl){  c.rlor behavior, limit

cycle ricadband  region, and Ihc domain of possible (crminal  s[atcs, 111 addilion, il is shown tha( the

ric.sired pcrforlnancc  is achievable in [hc prcscncc  of dynamical modcli]lg crro[s wi[h known bounds,

an(i lha[ [tic cffcm of llaviga[ion  and a[[i(udc sensing errors can bc nlit~imiml,  givcm [ha( appropria[c

bounds can bc dc[crnlincci  for these quanti[ics.  This approach is derived fron] rohus( conlml

tcchniqucs, based cm I,yapunov stability theory, that  wcrcpionccmt  by Corlcss and I,ci(mann.L5’16

Rc,latcd  tcchniqucs,  such as sliding mode control, arc dcscribcd in lhc books by U(kin,’7 Slotinc and

l.i,’s and Vidyasagar.ig Although thccmphasis  isonguidal]cc,  it is ultimatclyshown thallhcsamc

tcchniqucis  useful fora[(itudc  control and station keeping as WCII.

PROIILEM DIJSCRII’TION

A general form for (I1c diffcrcn[ial  cqua(ions  governing (I1c mo[ion of a space vchiclc  with mass

w(f) that is useful in rcndcz.vous, soft landing, and station keeping applica[imls  is as follows:

m(f)r(f) = m(f)g[r(f),r  o(f)] + m(f)c[r( l),i(l),w }.(l), iv,(f)]  + f’7(() (1)

]iquation (]) assumes acoordinatcfrarnc  wi[hitsorigina(  somcpoin( 0, (ha(ro(a[cs  wi[hangular

vclocilywFin  ir~crtial  spacc.  'Tllcttlrcc-dirllensionalvcctorsr,  t, and f rlcl]otc  [hc.posi[ion,vcloc ity,

and accclcrationof  [hc space.craft, rcspcclivcly, in ll]crotatitlgfrall~c,  The posi(ion  of {hcorigin,  0,

in an inertial frame is given by (hc vector t-o. Thcvcctor  f[]l]ctio]~s  g~\l~(l c]cprcscnt  gravitational

accc.lcration  and Coriolis  effects, rcspcc[ivcly. Thc vector func[ion f7 rcplcscll[s  (I]c app]icd [hrus[

form. l;or orbi[al  rendezvous problcrns,  the poin[ 0 is CIIOSC1l [o bc (hr. location of lhc largc(

spacecraft; the ro[ating  coordilla[c  frame is a]igncd wi[ll t-o, !akcn [o [X (Iw posi[i(m  of [hc Iargc[

vchiclc  rclativc  [o(hcccn(crof  tl~c:it(rac[il]g  body,  al~drota(cs  wi(hrO,  q’l]cs;ll]]c:~rral~  gcrllcllt  is also

applicable to the s[a[ion keeping prob]cln:  in this case r. dcfiI)cs  (Iw desired orbi[ profile (o bc

4



II Krin[aincxi. In (c.rl]]illal  dc.sccn( problems, [k vector  rO sl)ccific.s  (Ilc [aly)ct landing silt, wilh [Iw

angular velocity of [hc ro(ali])g  fr’amc,  WF, rcprc.scnlitlg  lbc rolaliml  Iatu of (1}c lal”gc( body. An

illustration of Illis  lypc of coordilla[c  frame for the terminal dcsccn[  applica[if)ll  is given in l;ig. 1.

To pcrfom  a  rcndcz.tmus, lhc rclalivc  posi[ion  a n d  vcloci[y  (i IIlc spacccr:tf[  must  bc

silllultallcously  rcdl]ccc!  10 values small enough [opcrmit successful docking  wi[h [Ilc [argc[  vclliclc.

A soft landing mission also requires simultaneous conmr] of posi[iwl  :IIKI vcloci[y,  relative 10 a

planetary surface, Station keeping, or orbit  lnainlcnmcc, is a logical cx[cllsion  of rc[ldcz.vous,  in

which the station  kccpil]g spacecraft must essentially “rcl]cicz.vous” wi[tl (IIC desired orbi(  profile.

rcpcalcdty,  These mission [ypcs  arc all conccp(l];illy  sinlil:lritl  (crms of llIc guidancco bjcclivcs.

ln many cases ii is desired not only to control [hc [crnliI]al  sta[c vcc[or of (IIC spacccraf(, bu[ also

10 have il [o follow a desired trajccloryprofilc,  in order to meet additional mission  constraints. A

Incrrc general version

dimensional spacccraf[

of l{q. (1) which accornnlodatcs  this situa[ion  is gi\rcn below. The six-

statc  vcc[or  is recast in terms of the g,uidancc  crr{n vector, x, defined as

[1r(l) - rd(f)
x(t) = (2)

t(f) - id(f)

In Ilq (2), rd(f) and id(f) rcprcscnt [hc desired position and vcloci[y  pmf]]c of {hc spacecraft,

rcspcctivcly.  Incorporating liq. (2) into Ilq. (1) yic.lds  [Ilc following,  dilfc](:]][ial  equation for x:

i = Ax + ll[g(r,  ro) + c(r,  r,wF, ivF) - r,, + all (3)

where

[: [101 0
A = , 1] =

0 0 1
(4)

ln]lq.  (3), lhcvcctora7  is [hctbrusl accclcratiorl,  wllicb  iscqual  [t>f’,(1)//)l(l),:l[]ci  ill l;q. (4), I is
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the 3X3  idcn[i(y nm[rix.  I:or auIo[mlnous opcra~ion,  a fu[][[ion of [Ix l’orlll f7 = f(r~,  x) spc.cifying

the.commanded [hrus(  wxxor is souglI( wllicll  will yield some desired clmcd-loop  sys(cnl.

l’IJ1.SE-MOI)[JI.  A”l’ION GIJ1lJANCE  TIIJ30J{}”

l~orpulsc-opcra[  cd propulsion sys[cms,  guiclailcc  cql]:ltiolls  arcnccdcd  which dctclnlinc[hrust

vcc[orrnagnitudc and oricr]latiol]  co]ll[llal~ds,  and provide (Ilc Iogic for [Iwir inlplc]l~cllta[ior~.1[]  this

section a class of guidance cqualions  applicable to IWO diffmcnt thrus[cr  configurations is dcvclopcd,

Analysis

The proposed class of functions for [hc commanded thrust vcc[or, f,, co[lsis[s  of [hrcc

CO1nf)OIICIlk,  as follows:

fc = fo(rd, fd, rd, ro, wF, wF, x)+ f,(x)+ fC(x) (5)

‘J’hc first componcn[, fa, consis[s  of feedback Iincarizati(m  terms whicl]  [ransform  [hc original

nonlinear systcm given by Eq. (3) inlo a nonlinal]y  Iincar  systcrn:

f. =wrd-m[  g(ro, rd, x)+c(rd,  id, wF, ivF,x)] (6)

I’hc second component, fp is a linear feedback law designed to shape [he closed-loop response of the

[ral~sforl]~cd  syslcrll  t]sil]g  acorls[a[]lgail~  nm[rix,dcsigna[c  dK:

ff = --mKx (7)

T h e  third  cotnponcll[,  f,, is dcsignc(i  [o simul[ancously  compcnsam for e r r o r s  d u c  [o thrust

mechanization with discrctc  dmustcr  firings and otbcr misl]iodcling  of (IIC spacecraft dynaluics:

f, = -mk(x,f )n[(lk)u(x)] (8)

I“hc scalar func[ion  k and (Ilc vcclor  fullc[ions n arid u apwaring  in 1 iq. (8) arc. 10 bC defined in (11C

design process; the rcquircn~cn[s tllcy must  satisfy arc dcscribcd in fur(bc)  d~[i]il I)clow. I]) a lllO1
-
C
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general SCIISC,  a matrix fullc[irm,  KC, can bc used ins[cad  01” k; here i[ is assumed for simplicity dM

K C  =  k] ,  where  1  i s  [hc 3 x 3 idcnti[y  ma[rix. TIIC scolar  paromc.[ci  F i]] l~q, (8) ul[ima~cly

dctcrmincs  (hc accuracy will] wllicll  Ihc closed-loop sys[cn~  approxi[nalcs  tlIc  dcsirc(i  Iillcar  syslcIII,

anti will also bc [iiscussc(t  subscqucnlly.

In prac(icc  quan[itics  such as (IIC spacccrall  p{)si[ion  a[lci velocity arc IIOl known prc.ciscly,  bu(

arc cslirnatcd  by an on-hoard navigation sys[em or o[bcr sensors. Ohcr paramc(crs,  such as (I1c

spacecraft mass, arc no( cs[ima(cd  but arc known (o Pall within some bounded range. I’hc comlnaldcci

thrust  compoI~cIM  given in I;qs (6) [hrougb (8) arc [hcrcfolc  compu[cd  as follows:

(9)

III ]iq. (9), x, ro, and m arc dcmo[cd  wi[h bat synlbo!s  [o indicate Ihc USC. of incxac[ cs[ima(cs  or

nominal values for these par-amc[crs,  The dcriva[ivc of w} is not shown ill Ii]. (9) bccausc botl~  it

and WF can bc computed from r. il] rcndczvcnrs  and s[a[ion keeping appl ica~ions,  and in soft lal]dil]g

applications WF is very nearly cons[an[ for most  (argc[  bodies of in[crcs[,

T“llc actual  thrus[ force a[ any ins[an~ will diffc.r from [lIC co]nman(icd  value, with (1IC CXICII( of

this diffcrcncc  depending primarily upon [l~c number of discrete Ibrust levels  available frolll  [I)c

spacccraf(’s  propulsion system.  The appl ic(i (hrus[ vcclor, f ~, is

fl = c6c[c7fc+8f;,  ] (1 ())

In I@. (10), lhc malrix C is [hc orthogonal trallsforma[ion  n)a[rix bctwc.cn  [hc spacccraf[  bo(iy-fixc~i

rcfcrcIlcc f rame mcchaniz,c~i  in (he spacccrdf[’s  co]npu(ct, ami (lIc rot al ing frame usc(i  for (11c

guidal]cc  compula(iom.  The ma[rix 8C is Ihc [ransfor]na[ion  ma[rix bctwcc[l  [IIC [rue space.craf( txxiy

f r a m e  and (I)c compu[c(i  bo(iy fra]nc. TIIC VCCIOI bf,,, rcprcscn[s [hc app] ic(i II]rus[  error (iUC [o

quanlimtion and any oll~cr [ypcs  of tllrus[ l]~ccll;lr~i/,;l[ioIl  cr]~m. I’bc LISC of supcrscrip[  b in 1 lq. ( lo)

dcno[cs  [hat the indica[c~i  VCCIOI is cxprcssc(i  in (IIC body frmnc. If i[ is iissL]Il~c(i  [ha[ [hc a[[i[udc



dclcr[nimrtion  errors embodied in (1)c ma[rix 6C arc slnall  (on (l~c ol-dcr of a fc.w dcgrccs),  [hen i3C

can bc accura[cly approxima(c~i as

(11)

where

In liq, (12), the pararmmrs NIX, 60,, and 60, arc small ro[a[ions  about (I)c. x, y, and z cornputcd

body axes, rcspcctivcly,  which would bring the compu[cd  Ijody  frame i[l[o alignment with [bc true

body frame. Using llqs. (11) an(i (12), Ihc applied thrust vector cm bc wri[[cul  as follows:

where

af, = c8@c’fc  +c(I+80)6f,:

Iiu-(her charactcriza(ion  of 8f~, requires spcci fic i] ~forma[ion  about

colfiglrra(ion  of the tbrus(crs  comprising the propulsion sys[cm.

(13)

(14)

(I1c nulnbcr,  thrust  lCVCIS, and

LJsing  Eqs. (3), (4), (9), and (11) through (14), the closed-loop dylmlnical  equations of [hc

spacccraf( can bc writlcn as follows:

x = Ax +1\{ 6g+6c+(6f7/r~t  )-(6~~//~/? )f, -KA-k(i,  [)n[(l/c)lJ  (~)]} (15)

In liq. (1 5), the quantities &;, &, and &n arc equal to g – &, c - i?, aIId 11] - ~fl, rcspcctivcly.  Will]

fur{hcr  manipulation, liq. (1 S) can bc wri[lcn  as



x = [A -- 11 K]x+ll{6c  -k(i, f) I~[(l /F)u(i)J) (16)

where

In liq. (17), (11c vcc[or  8X is equal [o x – f, and rcprcscll(s  errors itl (I1C  posi[ion  and velocity

cstima[cs supplied by [hc spacecraft’s navigation systcm.

‘I”llc dynalnical  cqua(iorls  given by Uqs.  (16) and (17) rcprcscn(  a il~)lili[lcar,  nonau[onomous

system. The func[ions  k, n, and u and the parameter E, con~prisil~g  [I ]C f, component of the

conm~andcd [hru.s[ given in l;q. (8), ensure that [hc dcsil(xi  linear rcsp{)lvw is achieved. This is

accomplished wiih a tcchniquc dcvclopcd by Corlcss  and 1,ei [mann ‘f”[’ “io[ LNC with con[rol acluators

possessing a continuous and unbounded operating I angc, in which nwicl  illf unccrlaintics  arc treated

in a dc(crministic,  rather than a stochastic, tnanncr.  The kc.y extension of their theory employed

herein is [hc usc of f, to compensate for known  [hrus[ nlcchanizat  ion cn ors caused by the usc of

pulse opcratd  {hrustcrs, as WCII as o(hcr, unknow ~ Inodcl  il ig crmrs.

The propcr[ics required of k, n, and u arc I1OW s[a[cd.  ‘1’hc functi(m k is a posi(ivc,  continuous,

bounding function which must satisfy the following ine.quali[y:

k(t, f) 2 lli3ell (18)

l;O1 lhc general case mcn[ioncd above, in which  a ma{rix function K,. is used instead of a scalar

function k, liq. (18) would bc intcrprc[cd as requiring (tic norm of K,. [() bc greater than the

mag,niludc, or formally [hc ]luclidcan norm, of (11c vcc[or &. The VC.C[(}I  luliction  n can bc any

continuous function with {hc following propcrlics:

(i) l[ulln(E,  u) = {[n(c., u)llu

( i i ) Iln(c., u)ll 2 1  -c/llul;  Ilul>r
(19)

9



Tl)c vector function u is a linear func(ion of tbc cslima[cd guidance C[-r[)r  VCC((N, i, ald almlllcr

fcc.dback  ma[rix,  designated I’:

u = Ii7Pi (20)
.

The matrix P is ob[ainc.d  from tbc l.yffpunov  equflfion g,ivcn in Ilq, (2 I ) below. ~’l~is equation bas

a unique solution that is synm~ctric  and positive definite, p[<~vidc,d thal the lna(rix [ A – IIK + aI] has

cigcnvalucs will) only ncga(ivc  real parls,  where a is a posi[ivc  nunlbcr  suet] (Ilal a is grcalcr than

the real parls  of the cigcnvalues  of [A - IIK].’8]9 l’hc matrix Q can bc any pt)si[ivc  dcfini[c  matrix:

I’[A-l\K+al]  +[A-IIK+a  I] ’’P+2Q = O (21)

The stability of tlic  closed-loop sys(crn  defined by Eqs. ( 16) tlwough (2 I ) will bc cvaluatc(i  using

1 .yapunov methods. ‘S”]9 A L.yqwnov  flmc~ion  c~ndida/e  is sough[  which indica~cs  that in some region

of tlm domain of x all trajcclorics  x(l) arc uniformly e.qx)nen/i[/lly Cotll’crgcn[ [0 wilhin  a small

region of radius b (i. e., 11x II s h) around (I]c origin  (x = O). Spccificatly,  {l~is sys(cm is c.xponcnlia]ly

convergent with ra(c a if for so]nc positive  constant ~ the following inequality is satisficd:]s

Ilx(l){[  < b + p[lx(lo)ucxp[-a(r  - lo)]; 12/0 (22)

The 1.yapunov function candidate, designated V(x), to bc used is V(x) = 1Ax7Px, where ltlc matrix

1’ is obtained from Ilq. (21). To validate l;q. (22), V(x) must  possess tl)r following  propcr(ies:20

( i ) c,llx112 ~ v(x) ~ C211X112;  C,, C*>O
(23)

(ii) V(x) S -2.a(V(x)  - V“]; V(X)> V“

Ikplation  (23) rcprcscnts a SCI of sufficient conditions only. ‘i’hc fact [Im( a 1.yapunov  func(ion

satisfying (]]CSC conditions may not bc found, or if for a given V(x) (]msc ct)lldilions  arc violate.{i for

sonic value  of x, (iocs ])01 by itself (icmonstra!c  [hat the origin  of ~hc closed-l(mp sys(cm is unstable.

Gn(iilion  (i) o! llq. (23) is sa{isfic.d  if V(x) is positive (iclllli(c,  wl~icl) is II)C case sil~cc P is [hc
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solution of llq. (21). If condition (ii) is mc[, then l~q. (22) holds until a ll~:iglll~{~rllo[)(l  around lbc

origin  with radius L = (V ‘/cl)H is rcachcci.  Once (Ilc slalc \CClOI-  has clltclcd  lhc rcgicm [1x II < .b, it

will remain [Ilcrc indcfilli(cly.  A dc[ailcd proof of [hcsc proj)crtics  lIas Ixwl pr.td”tmmd  by Corlcss,20

TO check col](ii[irm  (ii) of liq. (23), tbc dcriva[ivc of V(x) is ob[aillcd  usill~ llqs. (16) and (20):

V(x) = X71)X = X7 P[A-BK]X +U7{/jC -k(~, f)ll[(l /f)fi]] (24)

In I;q. (24),  [hc vcc[ors u aIKi G arc undcrs[oo~i [o rcprcscnt  I\71>x  aIKi II ‘ I’i, rcspcc[ivcly. 10

furlhc.r develop this cqua(ion,  [bc following expression is employed:

X71’[A-BK]X  = Y2x7{P[A -BK]+[A-BK]7P}x (25)

Usinf, condition (i) of lCI. (19), llq, (21), and llq. (25), furibcr manipulation of llq, (24) yields:

V(x) = -2ctV(x)  -XTQX+  u-tie  -kllnllu  ”(fi/llii[) (26)

In l:q. (26), [bc argulncn[.s  of [Ilc bounding fullctiojl  k have been droppc~i I’(M sin)plicity.  Noting  that

u = 0 + &I, where ilt = 1171)8x,  llq. (26) bccomcs

v(x) = -2av(x)  -X7QX +lltil[[8c ”(ti/lltill)  -k{llll[]  +8u”[8e -kllllll(6 /lltill)] (27)

lf the dircc[ion of &I rcla!ivc to ii is assumed [o bc arbitrary, hcn [hc following incquali[y  caI~ bc

cons(ruclcd from 1 lq. (27):

v(x) s -2(IV(X) +1: (2 S’)

wbcrc

(Jsing  [hc minimum rcquircmcnts  on k and Iln II given il~ Ilq. (18) an[i con(iilion  (ii) of Ik]. (i 9),

rcspcc[ivcly,  ai~o[hcr  inequality can bc (icvclopcd  from llqs, (27) al}ci  (29) [1):1!  illtls(ratcs l~ow  k, n,

Wld F affccl IIlc rcg,ion  of collvcrgcncc,  Tile use. of these con,s(raints  yields
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l!’< kc(l +//6ull/lli-ill)  + Ilaull(llbc’1l  +1’) (30)

llycstalJlistlillg  Mulltts  olltllc  tcrlllsii}I;  q. (30), an upper Ixnndm]  };COII bccslablishcxi,  Tl)is, in

turo, allows a suilablc value of V* 10 bc dc.lclmincd  uking llq. (23), and hcncc  the radius 01

convcrgcncc, b, around the origin. The second lcrlll of Ilq. (30) shows [hat navigational errors, which

manifcs(  [hcmsclvcs  in &], impose a fundamental limi~ationon (11c smallc.st  value of E tlmt can bc

achicvcdi  npraclicc.  In sol~~csituatiol~stl~is  lirnila[ion  may bc Icss pronoul)ccd,  (icpcnding  upo]] (hc

relative orientation of the &] and 0 vcc[ors over the course of (I]c n]ission, Navigational data

gcncratcd with a minimum variance c.s(ima(ion  algori(hm SUCI1 as IIK: Kalman fil(cr llavc the propxty  6 x o i = O

(SCC the book by IIrown, 21 for example), which in (urn Iimi(s the nlagl]itudc.  of au “ G in liq, (27).

It should be noted that the theory prcscntcd above provides a sufficiclllly ge.ncral framework for

(IIC syn(hcsis  of both cxplici( and implicit  guidance laws. By makin~  lhc. vcc(ors r~ and f~ cons[an(,

with id = O, an explicit guidance law is obtained, in which [hc commanded thrust is a function only

of the diffcrcncc  bci wccn tbc currcn( cs[i Inatcd spacecraft position and vc.locit  y and [hc desired

icm~inal state, spccificd by r~ and id. An implici~  guidmcc  law, in which [hc commandcci  thrust is

derived from diffcrcnccs  bctwccn  [I)c cs(imatcd  flighl palh  and a desired trajc.ctory  profile, is ob(aincd

when rd, id, and rd arc cboscn  10 bc time-varying quanlilics.

Reaction Control System Col~figuration

A guidance law for usc with a rcac[ion  control syslcm of small Musters is illustrated below. I’his

type of’ systcm, used for aliitudc conlrol, s(a~ion  keeping, and small (< 10--20 rids) maneuvers.

provides a fixed thrust ICVC] in each of three  orthogonal  dirl.ctions,  in both a posi[ivc  and negative

sense, Some spacccraf(,  such as (Iw Space Shulllc, carry clmugh thruslms  10 provi(ic two or dlrcc

different thrust  Icvcls  almtg each axis. liqua~iol}s  (28), (29), aid (30) will bc used to charactcri~c (hc

behavior of stale trajccloric,s  in dilfc.rcn[  rcgiolls  of lhc ciol]min  of x. q’his prcscllla(ion  is a Ilmrc.
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general vcrsioll  of a silnilar guidal~cc law dcvcl{)pcd  prcvi(msly  by (Ilc wlllmrs.22

Guidmce  hw. The rclalionsl)ip  bctwccn lhc cfmlmandcd  and applied (ill”us(  for CaCh axis of a

lhrcc-axis  sys[cm  is shown in l:ig. 2. I’hc hyslcrcsis  behavior [hat is clmrac[cris(ic  of ac(ual thrus(crs

is also in l;ig. 2, The fO compmlc]]l of the con]man(icd  thru.s( vector is as g,ivcn in llq. (9). I’hc f,

componcnI  of the commanded ihrusl  is a proporli(mal-plus-d  criva[ivc feedback law, as follows:

f, = -uI(K,, AP + K,,AtJ) (31)

In li~. (31), A? and At comprise (I1c cs(ima[c  of [hc guidance error VCCIOI x (i.e., 9 = [A; A$ ]7 ).

Ikm I“ig. 2, the maximum error bctwccn the conlmandcd  iu]d applied [Imlsl  prior 10 saturation is

seen to bc O. ST, where T is lhc thrust ICVC1 of a single [hrus[cr. Assun~illf, that tbrusl  quantiz,ation

errors arc dominant in Ilq. (1 7), then II &ll < T/2m (~~t in ibis  case is (I)c Illaxi]nunl  spacecraft mass),

and fol the fC componcn( of commmdcd thrust,  [he. functiml  k is also 7’/2tu. “1’hc func(ion  n is

‘I”his  form for n is chosen bccausc i[ closely mimics (IIC bc.lmvior  of [bc II]rustcrs.  The vcc[or ii is

composed of the same feedback law used for f, in Ilq. (31):

The Appendix dcscribcs  a method for dcrivil~g fcc.dback  laws of [Ilis fornl from 1 lq. (21 ) by

substituting 1171’ for the ]nalrix K. In summary, the conlmallcicd  thrust vcclor  is

f, = nl(ti~-~ - t -K,,A? -K[,A9)  - (T/2)n[(l  /c)(K,,A? + K[,AfI)] (34)

Zumcessihle  Region. TIC cxis[cncc  of navigati(ll] c,rrors will result ill a rcp,ion around (I)C o]-i:il]

which cannot  bc rcachcd willl ccrlail]ly,  llqualio[)  (30) slmvs lhal l,’ lI:IS a lower bouIId as Iollows:

Using Ilqs. (28) and (35), all expression dc.finil]g (his rc.gion call  bc obtained. An iddi(iol]al



c.x[mcssicm  is nccdcd (ol>tail]cdfr{)r~~tl~c  Appendix), wl~ich boul~ds {l~c I,yapul~ov  function V(x):

K,,llArl12 +K,,ll Avl12-2KpK,,llArllllAvll  SV(x)<K,,l/Arll'  +K,,llAvll' +2 KrK,)llArllllAvll (36)

Thcparan~ctcrA’,,  in l~q. (36) appear-s in thcma[rix  Puscd  to obtain  l;qs,  (31) and (33), as shown

if] (hc Appcnclix.  combining llqs.  (28), (35), and (36) yicltls  Ihc desired expression:

K,,ll Ar]12 + K,, II Av112 - 2KPK1, [l Arlll]Avll  S I16u II 7’/(’2am) (37)

lkadl)nnd  Region.  T h e  dcadband in (11c thrus[cr  swi(ching  curve ill l;ig. 2  wil l  rcsul[  i n

cxponcn(ial  convcrgcncc to within a dcadband  rcgim~ in [hc domai 11 of x dc[c[nl]incd  by t hc paramc[cr

c in liq. (32). Using llqs. (30), (32) and (36), (hc followins expression is ob[aincd  for (his region:

K,,l[Aru2 + KDIIAv I[2 - 2Kl, K[,ll Arllll Avll  < [c. + 31{6ull]7/(4am) (38)

Eqmtuwfid  Comvrgeme  Region, l;rom llq. (29), il is cvidcnl  IIlal the parameter E is no longer

bmmdcd when Ihc magniludc of the conmandcd  thrus[  vector cxccc(is  the. capability of the

propulsion sys(cm  (i.e., saturation). Dcyond this poin[  cxponcn(i  al col]vcrf,cllcc  canno! bc assured.

Assuming that the cffccls of navigation errors arc rclalivcl)  small, {his region is defined by

m(ll~dll  + Ilgll + Ilcll  + KPll Arll + K1, II AvII) < 7;,,,,, (39)

In 1 ‘q. (39), Tn,a, rcprcscnts  the maximum thrust capabi  lit y of the propulsion syst cm. 1( should bc

notc,d  [hat in some cases, cspcciall y rendezvous app] ica[ions,  (hc fu[ Ic(io]ls  ~ and c from 1 ;q. (1) can

bc slrong functio]ls  of Ar and need to be reprcscn[cci  as SUCII ill (micr [O oh[ai]l  a useful expression.

Arynp/o/ic  Converg~me  Region. The minimum rcquircll)cll[  for assurin~ col~vcrgcncc  of (11c sta[c

lrajcdorics  to within the dcadband region, regardless of ra[c, is [o IIavc V(x)< O. LJsing liqs. (28),

(29), and (36) Ihc following incqua]i[y  is ob[aincd  dcscrihi]]g  [Ilis col)s[millt:



(K: -ctK,,)llAr112 + K[,(K1,  -CI)IIAVII’  +
(40)

2K,, K[,(I +a)ll ArllllAvll  +( K,,ll Arll + K1,ll Avll )( Ila(,ll  - 7j,,4x /H/) s O

In 1 iq. (40), Itlc term II aOll is equal 10 II gll -t II cII + II id Il. Tl]c p{)[clllial  dcpcndcncc of dlc

func:[ifms  g and c, appearing in Ilq. (1), on Ar mus[ bc tak(m in[o accxmtl[ ill tl~is case as WCII.

Clustered Engine Configuration

Sl}acccraft  lha[ mus[  perform relatively large (> 100 rids) velocity cbai]~,cs  may bc equipped with

Inultiplc  engines in a clustcrcd  arrangcrncnt,  in ordc[- 10 provide an opc.ra[i  [~g range of several discrete

thrus( lCVCIS. In [his case tbc tbrustcrs  would likely bc mounted pmallcl  [{) (mc anotbcr.  With [his

collfiguralion,  lbc thrus[ axis musl bc continually aligned by [bc a[titudu control  systcm  with (11c

cotnmandcd  lhrusl vector.

Guidance  hw. The rclationsbip  bctwccn tbc cmnmandrd  and applic.d tllrus(  alor)g (1IC thrust  axis

is stmwll  in l;ig. 3, including tbc actual  response of typical thrusters. I’tlc  function n in this case is

Clmscn 10 bc a variant of tbc saturation function:

n(E, il) =  C/&; [[1-llj<~
(41)

n(E., il) =il/llfill; 11G112’C

This fbrm of n avoids abrupt changes in the oricnta[ion  of the commanded thrust vcclor,  which could

dcstabi]izc  the operation of tbc spacccraf[’s at[itudc  cmmol sys(e]n.  As shown in l:ig. 3, the

IImxin~un]  error bctwccn tbc commanded and applied lhrusl along ttlc  (hrus[ axis, prior to saturation,

is ().57’, wberc 7’ is agail~ (bc tbrus(  lCVCI of a sin:,lc  []lrus(rr. As [I)c tllr-ust  lcvc.1  qual~ti~.a[ion  c.rror

ill cacll  component of tbc g,uidancc  coordina(c fralllc is a lunctiml  of (1w colnlnandcd {hrus( vector

or icnta[im~,  a nmdificd version of (1)c  commanded [Ilrus(  cxprcssiwl of ]iq, (34) is proposed for this

cnsc wl~icb is [ailorcd  to tbc cbaractcris(ics  of the lhr-usl rl~l~cl)al~i~.:i(iorl  crmrs:
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f, = fO+ff-Kfn[( /e)(K,,A? + K[)AG)

where

and

(42)

(43)

(44)

lH liq. (42), [Im functim~ n is that of liq. (41). The con]mandcd thrust ct)II~poIKH~ts  in liq. (43) arc

unchanged from (heir counterparts in 1 ~q. (34), ‘Nw paramclcrs  f) ami r$ appcari  ilg in 1 iq. (44) arc

tllc  angles bc( wccn (I)c z axis of (hc guidance coordinate. fral nc and {hc pl ojccliolls  of t I}c vector sum

fO -t f, in Ihc -r-z plane and Ihc y-z p] ant, rcspcclivcly. The pal amctcr kO must lx :,rcatcr  than ~,mo, and

musl  bc chosen to cmurc (bat norm of (hc matrix KC satisfies l~q. (18); il /iO where equal to zero,

this might  I1OI olhcrwisc  bc Ihc case when the angles O and r$ arc small.

P<rformmm Am/y.fis. With (IIC guidance law proposed above, Ihc illadlllissi  blc region, dcaclband

rcgio]l, exponential convcr-gcncc  region, and asymptotic con vcrgcncc,  rcgiml call bc characteri~,cd  by

the same cqualions dcrivcci  for Ihc rcac(ion  con[rol sys[ctn.  ‘1’hcsc  arc I ;qs. (37), (38), (39), and (40),

rcspcc[ivcty. II should bc notc{i IIla(  (11c usc of Ihcsc cquatiolls  for (hc CJUS(C[ c(i cllginc  configuration

will gcncratly Icad to conscrva[ivc results, since i[ is assunlcci  [hat the lhI US[ Il]c.chanizrtion  errors

irl each coordina[c (iircc(ion  lIavc [heir n~axirnlrm  possible value, regardless of IIIC con~lna!dcd  lhrusl

Vcc[or oricnta(irm.  ln tcrmi[ia[  dcsccnl  and  l and ing  applicil[ions,  lhc ~llrll~( n]ayllludc ncc(ic(i  {o

compcnsalc  for Illc gravila(iol]al  pull of thc (arg,c.1 kiy nl;Iy rcsull  ill a{ lcas[ (mc lhrus[cr  f i r i n g

conlilmously.  The usc of (he phrase “dcadband region” in this case is ]m( []]rall(  ill (I]c Ii[c.ra] sense.
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MARS SOI<T LANDING COMPLJ’J’ER SIMIJ1.ATION

in this  section II]C guidimcc  (hcory prcscntcd above is applied L(J Il~c c(NIccp(ual dcsigll  (JI’  an

iiltcg,ralcd  g,uichu~cc, Ilaviga(ion,  wld control  sys(ctn  for a Ilypo(llc(icai  h~w [iall sof[  laldcr, T h e

performance of Illis  vclliclc  is Ihcn invcsliga[cd  wi(l)  a Cictailc(l digital  col)lpu[cr  si[l)ula[irm.

Mission and Spacecraft Description

V’hc. mission profile is illustrated in l~ig. 1. lhc. Iandcr is trwusportcd  [o h4ws in an cn(ry vchic]c

(ha! is carried by a cruise s[agc, which supports  power gcncra~ioll,  tclccoll~ll~~lllicatioll,  a(titudc

dclc[-mination  an(i control, ai~d midcourse propulsion func[ions  during  [hc lll(clplanc[ary  pl)mc o! (I]c

fiigllt.  ‘1’hc principal clcmcnt  of the lander’s gui(iw)cc systcnl  is an illcr(ial  Ilaviga(ion Sys[cn], whosc

slalc.  vector is ini[ializ,cd  34 nlinl~[cs  prior [O landing (L - 34 nlil~  ill l:ig. 1 ) wi(h groun(i-based

cslilnalcs  of [hc spacecraft posi[ion  and velocity vcc(ors, The at[itudc nla(lix  O! [hc guichmcc  systcm

is cslablishcd  by an alignn~c.11(  proc.css pcrfornlcd  on-board Ihc spacccrall,  ‘1’l]c alignment process is

also usccl to cal ihra[c lhc bias crmr componcn[s of lhc syslf:m’s  g yl(mx~pcs  al)d :Iccclcrolllc.[crs.

Aficr ini(ialimtion,  [hc cruise stage’s reaction control sys[cm is USCXI 10 lwrlorln small  maneuvers

corrcc(ing any discrcpm]cics  bc(wccn  (1)c flight  palh indicalcd by (I1c guidal~cc systcn) and a stored

trajectory profile, and for tbrec-axis  atti(udc  control, Shortly  before a[mosphcric cn[ry, the cnmy

vchiclc is spun Up to 2 rpm by the cruise s[agc,, which is then jc[(iso])c.d, As [hc Mar(ian  surface

approaches, a parachu(c is deployed to further slow the lander, ald an 01 i. board radar alt i mc.tcr  is

activalcd. (h)cc the radar systcm  “tocks  011”10 ttlc surface, [h(: Ialldcr separates fr(~ln  LIIC cl)[r-y  vchiclc

backshclt, ac(ivcs  i[s propulsion sys(cm,  and complc[cs its  dcsccn[ undct au(oma(ic  coll(rol. I’his

mission profile is based on IIIC cm(ry  and dcscc]]t  scqucncc fo[ (IIc. M(/r.~  /’al//~indrr  robotic

spacccrafl,23  LJnlikc  I1]C guided lander simula[cd herein, Mnr.r  l’~t/lfin(/er  is ill] ullgui(icd  vchiclc

wllicl~ Cmploys  soli~i  rx~ckct Inotors for t>ratcing  sllor[ly  before lalldillg,  yicldlng  irnpac[  vcloci(ics  of

101030 111/s;  Itlc vclliclc  cuslli(ms  itself froln lhc landing shock using all ilil-b:i~, sys(cln.
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Kcy configuration da[a for the. lander arc given in Table 1, The space.crafl’s propulsion sys[cm

is lhc clustered engine (ypc of configuration dcscribcd  previously. I’his  sysIcnl consists of seven 445

N main thrus(crs  and four 4.5 N thrus[crs  for roll con[rol.  ‘I”hc  thr’us[crs  cIIlploy  hypcrgolic ni[rogcn

(ctroxidc/hydra~.  inc propellants dclivcrcd by a blow-down prcssuri~.ation  sys(cm,  and arc based on

actual  prototype hardware dcvclopcd for small illtcrccptor vchiclcs  dcsi~ncd  to dcstmy ballistic

missitcs  u By diffcrcn(ial  pulsing of engines offsc~ from [hc nominal tllrusl  axis, at~i[udc control. .

about the pitch and yaw axes is accomplished wi(l~ the samc [hrus[cr SC( used for guidance.

A high-level block diagram of the guidance, navigation, and control systcm  is shown in l’ig. 4.

‘Ilc  spacecraft is equipped with a s(rapdown  Incr{ial  Mcasurcmcn(  Uni( (lMU) consisting of three

ring-laser gyroscopes and three penciulous  intcgratilig  accclcr  omctcrs,  and a. smal 1 radar al [i mc(cr. The

inertial instrument data arc. proccsscd to mcchanizc  Ihc lan(lil  Ig site-cent crcd rot sling coordina(c frame

of l;ig. 1 in the spacecraft’s flight compulcr, yicldillg  indicated position, vc.]ocity, and alli[udc  data

(these quantities arc designated wi[h a subscrip[  i in l:ig. 4), which along wi[h a radar bias error

paranlctcr  arc corrcctc(i  by a scqucn(ia]  filter algorithm tha( proccsscs al[itudc  mcasurcmcnts  from

the radar system. The radar is a wide bcamwiddl  (60 dcg) firs[-return uni[;  (hat is: it measures (1IC

distance from the vchiclc to (11c ncarcs( poin( on (I]c surface. The cs(imamd  position, velocity, and

atti(udc parameters (indicated by a “ha(’) symbol in l:ig, 4) arc used by the guidance law [o compu[c

the commanded thrust vector magni[udc and orient a(ion, dcsigna[cd  ~, and 61, in I:ig.  4, rcspcc(i  VC1 y.

The commanded thrust vector oricrl(ation  is (hcIi passed to tllc alti{udc  control law for dclcrmina(ion

of the cornrnandcd monlcnt  vcc(or, designated nIC in l:ig. 4, The jet SCICC[  logic in (IM engine

controller issues firing con~lnands  (o specific tllrus[crs based on the values of m, and ~,.

lJsing llqs,  (41) through (44), a guidance law for the lander was dcvclopc.d.  The switching curve

of l;ig. 3 (for a cluster of seven cl~gincs  illstc.ad  of (Iw five shown) was used by (I]c cngil~c  cxmtrollcr.

The clcmcnts  of (1IC nla[rix  function KC appearing in 1 lq. (44 ) were choscl~  to compensate for lhrusl



[ncchanization  errors duc 10 lhc opcralion  of the a(li[udc  cmllrol  lil W ill addiliol)  10 ltlrusl  Icvcl

quatltizalion  errors in Ihc swi[ching  curve of I;ig, 3. An a((itudc  col]lrol  law will) (tic salnc forin as

l;q. (34) was dcvclopcd, with lhc appropr ia t e  [crms frt}nl IIIC rolaliollal  cquali(ms  of ltl~)lion

subs[itu(cd  for the gravitational and ~oriolis accclc.ration  tcl ms ((he func(iolls  g aINi c, rcspc.clivc,ly),

and angular position and vc,locity  feedback terms subs(i(u(cd  for (Iw [Iansla(iol]al  posi[ioll  and

velocity lcrms of llq. (34). Ihc guidance and a((i[u(ic  conlrt)l  law paranlc[cr  values arc summari~.cd

in Table 2, The feedback gains given in Table 2 were oblaincd by solulion  of ];q. (48) in [hc

Appendix, Conm~andcd  force and moment val ucs were computed and IT msmi ((cd 10 [Ilc engine

coMrollcr  every 20 IIN (50 IIz. ralc), as indicated in Table 2, The cngillc  coll[rol]cr  issues commmlds

(o tllc thru.s(cr  valves only when it dc(ccls  a chzmgc in [hc rcqucstc.d  smtc of a given (Ilrus[cr,

‘l”hc error model for the incrlial  navigation syslcm is sun~mariz,ed  in q’ab]c 3. The ills[rulllcl]lali[)ll

mm’s  arc rcprcscn[cd by ma[hcmatical  models  dcvclopcd through cx[cnsivc [CSI and fligl~(

1 Ilc performance of this  sys(cm is rcprcscnlativc  of similar systc.rns  usc.d in slmr(-rangeexpcricncc.zf  ‘

military aircraft an(i guided missiles. I“hc initial posi(ion  and vcloci(y  unccr[aintics mprc.scn[ the error

covaxiance  of (11C navigation sys(clll  after propagation of (he. error covariat]cc  matrix  at illiliali?,alion,

dctcrmincd  by liar[h-based radio tracking of the spacccraf(,  along [hc a[mosphe.ric cn(ry t rajcctory

to the point of radar lock-on (Ilritting  26 provi(ics  a dc[ailcd  trcatmcl)t  of [IN error cqua{iom  for

incrlial  navigation syslcms).  Navigational errors were. simula[cd  by nulncrical  ill(c,gration of Il)c error

cqualions,  using a pseudo-random number generator 10 sanlplc  the statistical dislribuliolls  of IIIc. crrxm

SOUrCCS dcscribcd  ill Table 3. 1[ is assumed (l~a( (hc il~cr(iat  IIavigatirm  cqua[imls  arc implcllm[l(cd  ill

Ihc flight  computer wi[ll Suf(icic[lt  accuracy (0 Inatw  numcricaj  compulatiw) c[-mrs  llcgligiblc.

Simulation I’roccd u m

‘I”hc d y n a m i c a l  bcllaviof of IIN Iandcr is silnula[cd lIy ]lumcrical i[)(c:ra(iol) of cqua(ions

rcprcscnting  the vchiclc i]s a rigid Ix>dy of variable IIIXSS Wi[l] six dc:,rc,cs  of’ fI-c,c&)II),  I])[c:ra[io[l is



acconlplishcd wi(b a 7’]’ order variab]c  s[cp si~.c.  l<ungc-KuI[a Inc(hod.  ‘1’lw irlitial  mass and nmmcn[s

of incr[ia  arc dclcrmincd  using a pscll(i~>-rall[io[l~ number gcncralor. according 10 a Gaussian

distribution with sta(islics given in Table 1. Acmdynan)ic fo] ccs were IN)( ]tlodclcd duc to (heir small

cffcc[s  in (I1c thin Mar(ian atnmsphcrc, ~cn(cr of IIIaSS  [nodcling  a[d Ciilibrii[iOl)  errors with rcspcc(

10 the thrust  axis of lhc vchiclc  arc also simula(cd,  q’brusl  level varia(iolls  across successive [hrustcr

firil~g,s  arc sinmlatcd  by random number gcncralion  for each thruster, again according to lhc statistics

Of Table 1. Ilrc (o the relatively slow varia(ion  of (I)c ni\vif,i\tiOI\  sys{cnl  ciro[s,  these quantities arc

inlcgralcd with a 4’t’ order, fixed s(cp size Rungc-Kut[a mc[l~od,  ‘1’hc. [illlc delay associa[cd  wilh the

conlpulations indicalcd in l:ig. 4 is incorpora[cd  in(o [hc thr us[cr  dynanliCiil inodcl,  The magnitude

of this  delay, found in Table 2, was cs(imatcd froln an appmxima[c  count of the number of

opcra(ions  performed during each compu(a[ion  cycle. An avcl agc val uc of [1 IC ti mc nccdcd LO pa-form

the rcquisi(c operations on several modcm  flight colnpu[crs  was lhcn dc.(crlnincd.

At radar lock-on, the targcl  landing si[c is dcsifllatcd  10 bc (I1c point (iircc(ly bcnca[b  the lander.

This rcsul[s  in [hc radar sys[e.m  vicwillg  (I1c stimc,  (crrain during most of (hc dcsccnt, minimizing  ihc

cffccls of unknown Icrrain variations in the al(i[udc data.  If Ihc conllllandcd  lhrusl  vector has a

posit ivc z component (which can occur early in (I1c dcsccn[ ), rcquiling tl]c spacccraf[ (o accclcratc

towards the surface, this component is ignored, and i ns[ca(i 0111 y Ihc gI avi[ y compensation component

is implcmcntcd,  allowing the lander 10 continue a( i(s currcn( ra[c of dcscc[ll. The guidance law uscs

constan(  values of rd and F ~, chosen (o target  (hc spacccraf( 10 a dcsccn[ ralc of 2 ntis at an al(i(udc

of lore. (%ccthc spacccraf[ approaches Ihcscvalucs to wi(llin [hcprcscribcdd cadbandrcgion,  [bc

.xanciy largctcoordinatcs  arcrcsct  to thccurrcn~ .1- ald Y posi[io[~  values ilulica[cdhy  tbc navigation

systc[n,  in order to remove (hc cffc.c(s of posi(ion  errors froln [hc ctMI\II~aIKicd  thrus[ vector, and a

target al[i(udc  and dcsccn[  riitc of () m aIld 1 nl/s, rcspcc(i~cly, arc conlll~aldcd  u]~til  (ouchdowll

wc~~rs.  Tllisfil~al  scglllcllt  istlcsigIlc.(i  tt>ll~il~i  llli~.c  tllcllori~,(>Il[al  vcloci(y  (~ f(llc. lal~dcr  at[o~lcll(iowll,

20



1 “

Results

Results oblaincd from simulations rcprcscn(ing,  [brcc diffcrcn( scmmios arc summari?cd  below.

q’tlcxalld ycolll~llctltsof  itlilial  JJosi[ioIl  arc7.cro ill:lll  c:lscs.  Ttl(~l;lll(ir.ris  :llso:issulllc(i  [ot>c ill

avcr(ical oricnta[ion  initially incachcasc.  Case 1 rcprcscntsan  ideal sccllarit)ill  wllicllr:idarlock-(lrl

is acliicvcda( anonlinal  1500 m alii[udcand70  In/s dcscclll  ratc(sc.c  l:ig. l), witllttlclallcicrllavirlg

lloini[ial  dowllral)gc  (x)orcrossrat]gc  (}]) velocity  c(JIllporlc1l[s,  Gsc2rcprcsclitsas  ccnarioin  which

raclarlock-on  occurs atanuncxpcctcclly  low alliludcof  1100 m, and the Iandcr has dcvclopcd a20

nds downrange velocity on tbc paracbu[c.  Case 3 rcprcscnls a “worst-case” scenario in which Ihc

Iandcf achicvcs radar lock-on at (bc nominal al[itudc,  but has dcvclopcd unusually large downrange

(40 rids) and crossrangc  (30 rids)  vclocily  componcills  vrhilc  o]) lbc parachu[c, and also has a

re.la[ivcly  large dcsccnt rate of 80 ntis.

(kmlours  de f in ing  tbc inacc.cssiblc,  dcadbami, cxp(mcn[ial  CO] ivc.rgc.r~cc, and asymptotic

colivcrgcncc regions for (1)c guidance law were {icvc.lopc(l  usit~g  cxplcssions  based on llqs.  (37)

tl~!ougb  (40) and tbc data in Table.s 2 alld  3, and arc shown in a (w(]-(iill~cllsiollal  space spanned by

II Ar II a n d  II Avll in l:ig.  5. Clrrvcs rcprcscntil]f, lhc acuual  Ira.jcctorics obtained in the three

silnulation cases arc also showli in I:ig.  5. The velocity coordina(c bistorics  lor ~asc 3, [hc worst-case

scenario, arc shown in I;ig. 6. The. depression anr,lc rcla(ivc 10 the -- z axis and lhc a~.inmth angle

rc.lativc  to the x axis of tbc commanded and aclual  [hrusl vectors for ~asc 3 a~c illustra(cd in l:ig.

7. ‘Mc commandc(l  and actual  thrust  nxrgnitudc  bistorics for ~asc 3 arc sl)own  in l-:ig.  8.

‘llc Iandcr  required about 40 s [o rcacb the surface il~ each  scenario. TIM velocity componcnl

bistorics  of l;ig.  6 arc rcprcscnialivc  of [hc rcspollsc  of a Iil)car  sys[cm,  (i(’.ll~(}tls[r:~tillg  that [bc pulse

rlmdula[ion  guidance law dots, in fact, yield tlm desired (!pc of closed-I(xy~ bclmvior. In addilion,

I;iss.  6 through 8 sl]ow tba( simultaneous co[l(ro! of Ibr Iallcicr’s  (r:mslatiollal  and ro(atiollal  nmtiol~

can hc successfully acbicvcd with the same. (Ilruslcr-  SCI. l’l~c [Iu-us[  vcclor  (wicn[ation history  of l;ig.
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7 shows Iha( tl]c guidiincc  law initially commands a large pilcll  maneuver 10 IIull the clowmangc  and

crossrangc vclocily componcn(s  quickly. Al(hougll radar c(m(acl wi(h (he surlacc.  is lost for Ihrus(

vector depression angles greater than 30 dcg, [hc Ialldcr quickly rccovms  10 a [~cilr-vCr(ic:~l oricnta[ion

for (Ilc remainder of the dcsccn(,  cllsuring  proper radar opcI  a(iol]. I’hc crra(ic Iwllavior of (I)c thrus~

vcclor  az.inwlh angles in l:ig,. 7 occurs bccausc lhis paramclcr  bccomcs  umlcfinc~i as (Iw depression

ang]c approaches zcm. NO(C that when the firsl [iirgc( alti[udc  of 10 m is rcachcd and [hc Ian(icr

rcdcsignatcs  the x and y position componcn(s  of i[s (argct s[a[c, (11c guid:i]~~’c  I;iw briefly commands

a roughly 15 dcg pitch  maneuver, The cffec( of this maneuver can also bc. scm in l:ig. 6. This occurs

bccausc  lhc guidance sys[cm is nulling  small downrange Iild crossransc  vcloci(y  components lhat

dcvclopcd earlier, duc to the buildup of x and y posi(ion crn)rs in tlw i[lcr[ial  Imvig:i(icm  sys(cm [hat

could not bc Sensed by the scqucnlial  filler  from (hc al(inwtcr  data.

Nole from l:ig.  5 that in all Ihrcc scenarios IIIC initial conditions Iic ou(sidc  (I)c asymptotic

convcrgcncc region, and lhal  (11c touchdown cm]di[ions arc iilsidc  (I1c “inadmissible” region, These

charac(cris(ics  serve 10 emphasize tha( predictions of pcrfom Ii]ncc dcri vc(i f[ om 1.yapunov  theory arc

oflcn cxcccdcd  in practice. III general, the simulation rcsul(s  of l;igs.  5 through & along with

additional simulation rcsulks not included herein, indicalc  (Ili]( bounds on dlr behavior of guidance

and control  systems designed usiug 1.yapunov-bmc.d [c.chniqucs  ~cnd to bc conscrva[ivc.

ACKNOWI.EIIGEMI: NTS

I’lic research dcscribcd in this  paper was carried OU(, i II par(, aI Ihc  Jet l)ropi]lsioll  1,aboraksry

(11)1 .), ~alifornia lms(i(utc  of Tcchnojogy, under coll[rac( wi[h (1]c Na(iol]al  Acrofiau[ics  and Space

Ad[l~irlistration.  ‘Ilc authors cx(cnd lhcir  thanks (O Mr. Stcy>hcn  llailcy of JI’I. for developing [IIC

Mars Ii][]dcr  spacecraft configura[io[l,  and to Mr. Davi(i  Spc.lwcr,  also of J])]

Polhfimier  cn(ry Irajcclory (ia(a used in (1]c (iigi(al  compu(cI sillluli][iot~s,

for providing (hc Marx

22



APPENDIX

(Jlc  useful  tccllniquc  for IIla(cl)ing  tbc. fccdhack coII)poncll(s  of II)c comlnarldcd  [brus(, lbc

vcclors  f, and fC from l;qs. (7) and (8), rcspcc[ivcly, is [o SC( (IIC gail~  IIM[l ix K in I k), (7) equal  (o

IITI’.  As shown by Omlcss,20 [his yields LIIC following ~~~[~~)  i.v Ricc[l/i  cq~i{~li~~~f:

PIA+aI] +[A+aI]7P -2 P11117P+2Q = (1 (45)

Ttlc llmlriccs  A and 11 arc given in l~q. (4). A class  of solu[icms  I() liq, (45) bavc lbc simple form:

[1K[, I K,, 1
P =

Kp 1 K,, 1

Ttw lna~rix Q usc(i [o obtail~  solutions  conforming [o Iiq, (~16) is as follows:

MQ,, I o
().

o 0[,1

(46)

(47)

Substitution of l;qs,  (46) and (4-/) into Iiq. (45) yields polyl~omial  c.qua[iom  for K{,, KP, and KI,:

K; - 4aK~ + (5a2 --2 QI))K~ + 2a(2~),,  - a2)A’1, + ([); - 2a’(),, - Q}, ) = O

—-
K,, = a(KD-a) +&”2~KD-a)2+Q,, (48)

K,, = 2KP(K[,  - a)

AIIlmugb muttiplc  solu(ions  [o l~q. ( 4 8 )  cxis[, ol)ly onc SCI of gains rcsul(s  in P hcing posilivc

dcfi~litc. l:or  [Ilc corrc.c[ solulion,  K*), Kp, and K, Inust  bc >0, and K[A’,, - K; must  also bc >0.

As discussed earlier, IbC  norm of tllc six-dimcnsiot)al  guidallcc  crrw VCC[(M  (iccrcascs  cxpol]cn(ially

wi(l] ialc a. Within [hc cxponcl]tial  cnvclopc cs[ablist]cd  by a givcl]  a, [IK cwcfficicnts  Q,, and Q(j

appcarin S in l;q. (47) dc(crmillc lhc umout]l 01 cllipl~asis  (IIC rcsul(ill~,  guidallcc  law will place on

nuilillg  guidance crl-ors  in position rcla[ivc to guidaucc crrom in vclocily,

23



1.

2.

3.

4“

5. .

6.

7.

8.

9,

10

11

12

REFERENCES

Jcz.cwski,  1). J., ef al., “A Survey of Rcncfczvous  “1’rajcctm  y Planning,” Ad\wnccs in the A.s(tonou(icol

Sciences, LJnivclt, San Ilicgo, Vol. 76, Parl 11, 1992, pp. 1373-1396,

1.conard, C. 1 , . ,  aid IL V .  IIcrgmann, “A Survey of Rcndczvoms  :ind ])ocking  Issues :ind

l)cvclopr~]cIIIs,’’ Ac/\~[/rIce.Y in (he As[roturu(ical  Sciences, LJi]ivcl[,  S;ii~ l)icgo, Vol. 69, 19X9, pp. 85-101.

Parlcn, R. P., and J. P. M:iycr, “l)cvclopmcnt  of the Gcrnini C)pcr:i[ion:il  l<cndczvot]s  I’l:in,”  Journal

of Spacecra~  and Rockels,  Vol. 5, No. 9, Sep. 1968, pp. 1023-1028.

Young, K, A., and J. 1). Alexander, “Apollo I mar I<cndcz VOUS,” Journal [J~ ,$pacecra~l and ROCke(S,

Vo]. 7, No. ~, Sep.  1970, pp. 1083-1086.

0Ls7.cwski,  0, W., “Aulonl:i[cd  ‘1’cnninal (luidancc  fo r  [i Shu[[lc I{cndczw)us [o Sp:icc Sui[ion

I:rccdom,” Proceedings of the AIAA Guidance, Navigo[ion, and Cotltrol  Cot~ft)t-ence, Al AA,

Washington, 1), C,, Vol. 1, 1990, pp. 377-387.

IIanson, J. M,, and A, W. l)c:iton, “Ciiiid:incc  Schcmcs fol Autom:tlcd  ‘1’crmin:il  Rendezvous,” AAS

l’apcr  94-163, AAS/AIAA Sp:tccflight  Mechanics Mccling,  Coco:i  llc:icll,  I’lorid:i,  I;cb. 1994.

Cherry, (i. W., “A Cl:iss  of (Jnificd  I;xplicit  Methods for Steering “1’hlo[[lc:iblc  :incl  l:ixcd-’l’brus[

I@ckcts,”  Progress in As[ronou(ics  and Aeronautics, Acadcsnic  Press, Ncw York, Vol. 13, 1964, pp.

689-726.

Klumpp, A. R., “Apollo I mar l)csccn[  Guidance,” Aurotna[ica, Vol. 10, 1974, pp. 133-146.

lla[(in, R. 1 [., An Introduction (o the Ma{hetna[ics and Methods of As(rodyna)tlic.~, Al AA, Ncw York,

1987, pp. 550-566,

Chcng, R. K., Mcrcdi[b,  C. M., :ind 1). A. Conrad, “Dcsigil  Considcralions  for Surveyor Guid;incc,”

Jourtml of Spacccra~f  and Rocke(s,  Vol. 3, No. 11, Nov. 1966, pp. 1569-1576.

lngo]dby,  R. N., “Guidance and (lm(rol Sys[crn  I)csign of (11c  Viking I’l:il\rt:iry  1,andc.r,” ./ourna/ (~j

Guidance and Con/rol,  Vol. 1, No. 3, M;iy-Jun.  1978, pp. 189-196.

l;:irrcnkopf,  R. 1.., S:ibrof(,  A. 11., and P. C. Whcclcr, “In[cgr:il  I’iilsc I;rcqilcncy  oil-on’” Control,”

24



13.

14,

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

Progress in As[ronat(lics  and Aeronautics, Acadclnic  Press, Ncw York, Vol. 13, 1964, pp. 185-230.

Wirlnall,  W. S., “1 ,un:lr Module l)igit:il  Autopilot,” Journal of Spacecr(lfi  and Rocke(s, Vol. 8, No. 1,

Jan. 197 ], pp. 56-62.

IIcrgmann,  1{. V., (koopnick,  S. R,, Turkovich,  J. J., and C. C. WoIk, “AI) Advanmd Spaccci-aft

Au[opilot  COnccpt,” Journal o~ Guitiunce and (kn[rol, Vol. 2, No. 3, hlay-.lun 1979, pp 161-168.

(h]css,  M., “(!onml of [Inccr[ain  Nonlinear Systems,” Journal of l)ynat)lic  .Yys/etn.Y, A!t](l.fl[t-[’ttlcnt,

and Control, Vol. 115, Jun. 1993, pp. 362-372.

1.citnmn, G., “on Onc Approach to the Control of Unccr[ain  S ys[clns,” Jo[!rna[  of I)ynut)tic  Systems,

Meosurettwtrt.  and Con[rol,  Vol. 115, Jun. 1993, pp. 373-380.

U(kin, V. 1., Slidin,g Mo(it.T and lhir Application to Varial)le  Struc[//rc  ,Yy.uct)].f,  hfI1<, Moscow, 1978.

Slo(inc, J. J., and W. I,i, Applieci Nonlinear Control, Prcn[icc-II:ill,  Ihglcwood Cliffs, 1991.

Vidyasagar,  M., Nonlinear Sys/etns  Analysis, 2“’ ljd., Prcnticc-] [all, I jn:,lcwwod cliffs, 1993.

(hrlcss, M., “Girar:ii~(ccd  I<:itcs of l;xponcn[ial  Convcrgcncc  fo[ IJncci[[iin  SysIcIns,”  Journal of

optimization Ihcoty  and Applicoiions,  Vol. 64, No. 3, Mar. 1990, p[l. 481-494.

llrown, R. (;., Introducliotl  (o l{onciom Signal Analysis and Kalt)ian Fil[erin,q,  Wiley, Ncw York, 1983.

‘1’liurman, S. W., ;in(i 11, llishncr, “Application of Nonlinear (hl[rol  ‘1’cchniqucs  to

(hidancc for Rendezvous and l)ocking,” AAS Paper 94-166, AASIAIAA  Sp:icclligh[

Mccling,  COco;i  IWicl},  l:lorid:i,  l;cb,  1994,

Spacccrllft

Mechanics

Mars }’a(ltfin[/er Missi[)tl  P/an, J1>I, Docurncil(  1)-1  1355 (intc.rim! docutncn[),  Jc[ lk}pulsion  1.:ibor:i[ory,

Pwadcna,  Giliforni:i,  l)cccmbcr  1993,

Acmilpora,  K. J., :ind 11, Wichnmnil, “Componcn[  l)cvclopmcn[ for Miciopiopulsion  Systems,” AIAA

Paper 92-3255, AI AA/S AI YASM}I/ASIHi  Join[ Propulsion Con fcrcncc, N;isllvillc,  ‘1’ci~ncsscc,  Jul. 1992.

Sawigc,  1’. G., “S[r;ipdown  Sensors,” Slrapdow’n Ineriial Sy,s/euis, No1(I) A[l:in(ic  ‘1’rc:i[y org:iniz.:itioil

AGARD 1,cc[urc Series No. 95, l’cchnic;il  lnforina[ion  Scrvicc, Splinglic]d, \~ir:,ini:i, JiIn. 1978.

llritlii~g,  K, R., lnc/-/ial  N1/\’iga[ion  Sy.S/tJnM Analysis, Wiley, Ncw York, 1971, pi>. 153-194.

25



Table 1: Mars Lander Spacecraft Configuration Data

———.

Parameter
— .

Initial Mass
spacecraft (dry), kg

propellant/oxidizer, kg

Initial Moments of Inert&
yaw (x-axis), kg-m’
pitch (y-axis), kg-m’
roll (z-axis), kg-m’

Center of Mass Offset, cm

Main Thrusters——..
thrust level, N
rise time, ms

max acceleration, m/s2
max pitch/yaw acceleration, rad/s2

Roll Thrusters
thrust level, N
rise time, ms

max roll acceleration, rad/s2— — .

—. ——

Nominal
Va/ue—. ——

220.0
30.0

80.0
80.0
100.0

0.0

445.0
3.0
12.5
1.11

4.45
1.0

0.10—  — . — -

.

RMS (lo)
Variation. ..—

1.070
1.070

2.0”/0

2.0%
2.00/0

1.0

3.0%
.
—
—.

3.070
—
—

-..



Table 2: Guidance and Control System Parameters

Parameter
. — —  _

Computer Cycle Rate

Delay Time

@_hJance  QW

&
QD
K“
KP
K,
kO
E

Attitude  Control Law

:,
QD
K.
KP
K,
k
k,
& ..——

Description——. — —  _ _ _

frequency of command computations

computation time required for each
command computer cycle

guidance error rate of colwergence
position weighting factor
velocity weighting factor
velocity feedback gain
position feedback gain

Lyapunov function parameter
corrective acceleration scale factor

guidance deadband parameter

attitude error rate of convergence
angular position weightir]g factor

angular rate weighting factor
angular rate feedback gain

angular position feedback gain
Lyapunov function parameter

corrective acceleration (pitch/yaw)
corrective acceleratiorl  (roll)

attitude deadband parameter——. ——. ——

Value

50 Hz

3 ms

10 s“’
,0-5 S.2

, 0 . 5

0.2 s“’
0.02 s“’

0.004 s-’
0.05

0.02 rm

, s-l
, 0 .5  s.’

, 0 . 5

4.0 s“’
8.0 S“2

48 S“3

1.11 s“’
0.10 S“2

0.07 S-2

. -  . . _  _ _ _



Table 3: Inertial Navigation System Error Model

Parameter

Landing Site Elevation Error

Initial Position Error

Initial Velocity Error

Initial Attitude Error

IMU Misalignment

GVro Error Model
bias calibration error
time-varying bias a

scale factor error
time-varying scale factor a

scale factor asymmetry
time-varying asymmetry a

random walk

Accelerometer Error Model
bias calibration error

scale factor error
scale factor asymmetry

compliance (gz )
white noise

Radar Altimeter Error Model
proportional bias b

white noise

—— —

RMS (10) Value.—-— — .—— .-—
300

5.18 (altitude)
7.55 (downrange)
1.04 (crossrange)

6.36 (altitude)
1.13 (downrange)
1.96 (crossrange)

0.33 (each axis)

18

0,10
0.05
100
25
10
10

0.10

50
100
25
1.0
1.0

0.003
0.20. — — .  —-—.—— . .

Unjts

m

km

mls

deg

arcsec

degfhr
degihr
ppm
ppm
ppm
ppm

deg/hrE

P9
ppm
ppm
pgJg2
mm/s

tia
m— . .

modeled as first-order Gauss-Markov  processes with tinle  constants of 1 hr
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